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Abstract
BACKGROUND: Phytosterols, in particular a mixture of pure 𝜸-oryzanol and 𝜷-sitosterol, develop a tubular system that is able
to structure oil. In this study, diﬀerent concentrations of a combination of 𝜸-oryzanol and a commercial phytosterol mixture,
Vitaesterol®, were used for the development of edible oil oleogels.
RESULTS: Small-angle X-ray scattering (SAXS) and X-ray diﬀraction (XRD) were used to characterize at nano andmolecular scale
the aforementioned oleogels and conﬁrm the formation of sterols-based hollow tubule structures. Increased hardness was
observedwith the increaseofgelator contentused inoleogelmanufacturing. Theproducedoleogels showedpromising features
such as tailored mechanical strength and low opacity, which are important features when considering their incorporation into
food products.
CONCLUSION:Despite diﬀerences in gel strength, oleogels exhibited textural characteristics thatmake these structures suitable
for incorporation in food products. The oil migration proﬁle associated with these oleogels can provide a solution for the
controlled release of lipophilic compounds as well as for the retention of oil in cooked food products.
© 2018 Society of Chemical Industry
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INTRODUCTION
Self-assembly of molecules presents itself as a very attractive
mechanism to create new structures. One of the main challenges
is to apply these structures in the production of novel food prod-
ucts. Understanding such mechanisms will help the exploration
and explain how new materials can be used for the development
of innovative products and applications.1 Interesting applications
have been recently discussed regarding the use of oleogels in
food formulations. The selection of an adequate combination of
gelators, with distinctive oil gelling behaviour, is one of the most
important steps in the process of the formulation of oleogels.2–10
One of the most relevant issues is to guarantee that gelation is
achieved with the lowest possible amount of gelator, so that the
oleogel eﬀect is heightened, the cost of development is reduced
and the ﬁnal food production cost is maintained. In this way,
oryzanol/phytosterol-basedoleogels are among themost interest-
ingones not only because of the transparency andmechanical fea-
tures with resemblance to a block of fat, when fully structured,11,12
but also because of their health-related properties.13 𝛾-Oryzanol is
a sitosterol ester with ferulic acid in its composition and respon-
sible for lower intestinal cholesterol absorption, being pivotal
elements for faecal removal of cholesterol.14–16 For the produc-
tion of 𝛾-oryzanol-based oleogels at room temperature, with the
visual andmechanical characteristics mentioned earlier, the inclu-
sion of phytosterol molecules is needed in order to promote
multi-component oleogelation. In the literature an increase of
the 𝛾-oryzanol/𝛽-sitosterol ratio is described to lead to the for-
mation of more transparent oleogels, the reverse being observed
when the ratio is reduced.11,12 All phytosterols molecules have a
steroidal ring base, a hydroxyl C-3 group, and a double bond that
is placedbetweenC-5 andC-6 in the B-ring; these connection-sites
must be available so that phytosterols are able to form a gel as
a result of their interaction with 𝛾-oryzanol.1,17 Translating to a
molecular scale, 𝛾-oryzanol and 𝛽-sitosterol assemble through the
staking of the two molecules after being fully solubilized in an
organic phase. This process is characterized by the proper crop-
ping of the sitosterol units on top of each other during the cool-
ing stage, leaving the ferulic acid moiety of the 𝛾-oryzanol outside
of the connected architecture.11 A recent study on the molecular
dynamic modelling of this system demonstrated that the phytos-
terol’s sterane group is stacked with oryzanol’s sterane group. A
hydrogen bond is responsible for the connection between both
units and is formed between the hydroxyl group of the phytos-
terol and the carbonyl group of the oryzanol.18 The assembly
between 𝛾-oryzanol and 𝛽-sitosterol is characterized by a hollow
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tubular-shaped arrangement, eventually leading to gelation. This
arrangement is formed due to the presence of the rigid four-rings
systemof sterolmolecules as part of the ﬁbrilar skeleton and of the
ferulic acid moiety and its acyl-chain, which is more ﬂexible and
thus remains in the external surface, keeping the ﬁbres apart.10 It is
important to stress that if one of those components is not present,
self-assembly will not happen and the hollow ﬁbres would not
be produced. Both components alone are able to form crystalline
conformations.1,19 However, these conformations do not display
nano-sized hollow tubules capable of gelling oil.20
Organoleptic characteristics of food products are often inﬂu-
enced by their textural and optical properties, which greatly aﬀect
theacceptanceandpreferenceby consumers. This hasdirect impli-
cations on the use of new ingredients, since such characteristics
are aﬀected by the usedmaterials, processing conditions and stor-
age. Oleogels are good examples of such ingredients, once their
mechanical and optical properties change according to their for-
mulation, as well as with the processing conditions. Oleogels may
be incorporated in foods aimingat fat replacementbut for this kind
of application the textural properties should be strictly controlled.
This work has been performed for the ﬁrst time on a commercial
mixture of phytosterols, in order to achieve gelation in conjunc-
tion with, 𝛾-oryzanol. In contrast with other reported works, the
phytosterols used have only ∼45% of 𝛽-sitosterol (being this
the major component) exposing the gelation mechanism to an
increased amount of other phytosterols that can interfere in the
co-assembly with 𝛾-oryzanol. Despite the ability for other phytos-
terols to interact with 𝛾-oryzanol to successfully develop oleogels,
the structural and visual properties of these gels can diﬀer.19 High
oleic sunﬂower oil, a long-chain triglyceride (LCT), was used as the
oil phase and the ability to form solid-like gels with reduced con-
centration of gelators (6%, 8% and 10% w/w) was evaluated. Our
intention is to demonstrate the tailoring abilities in the production
of these oleogel structures at macro and molecular levels, in par-
ticular how textural behaviour is directly associated to oil retention
capacity, using lower amount and low-cost ingredients. This is
surely relevant when evaluating the possibility of incorporating an
oil structure in foods without compromising the ﬁnal functionality
and with the smallest possible inﬂuence on price. This work thus,
aimed at the development of sterol-based oleogels using concen-
trations of gelators not exceeding 10% w/w and exploiting the
gelling behaviour under steady-state conditions of a commercial
mixture of phytosterol compounds (Vitaesterol®), instead of pure
𝛽-sitosterol. The morphology of these oleogels was studied using
polarized microscopy, small-angle X-ray scattering (SAXS) and
X-ray diﬀraction (XRD). Texture measurements allowed gel hard-
ness, ﬁnal force and adhesiveness to be determined. Oil migration
and colour were also evaluated for increasing concentrations of
sterol mixtures.
MATERIALS ANDMETHODS
Rawmaterials and oleogels development
High oleic sunﬂower oil fraction composed by: 0.1% of C14:0,
3.8% of C16:0, 3.3% of C18:0, 80.1% of C18:1, 10.7 of C18:2, 0.3%
of C18:3, 0.4% of C20:0 and 0.1% of C20:1 was kindly provided
by Cargill (São Paulo, Brazil). 𝛾-Oryzanol was purchased from
Oryza Co. (Ichinomiya, Japan) and the mixture of phytosterols
Vitaesterol®, was kindlyprovidedbyVitaeNaturals (Toledo, Spain).
This phytosterol mixture is composed by 𝛽-sitosterol (∼45%),
campesterol (−25%), stigmaesterol (−23%), brassicasterol (∼1%),
other sterols (∼3%).
The 1:1 ratio of oryzanol/sitosterol was reported as the ratio that
allows the ﬁrmest transparent gel to be obtained.12 However in
line with other previous works in the ﬁeld, we developed oleogels
using the ratio of 60:40 (w/w) oryzanol/phytosterol in order to
understand the eﬀect of a reduced concentration of 𝛽-sitosterol
(∼45%), targeting sterol-based gels production. Diﬀerent con-
centrations were tested in order to determine the critical con-
centration of gelation (results not shown); sterol-oleogels (STOs)
with less than 6% (w/w) of total gelators concentration were not
self-sustained. Diﬀerent concentrations of this mixture of gela-
tors were used to produce sterol-based oleogels: 6%, 8% and 10%
(w/w) – STO6, STO8 and STO10, respectively. All gels were pro-
duced by heating themixture of oil phase and gelators at 80 ∘C for
30min, under magnetic stirring to ensure full solubilization of the
compounds in theoil phaseprior to the cooling stage. The samples
were left cooling at room temperature and then stored at 4 ∘C for
at least 24 h. Before analyses, the samples were left again at room
temperature for 24 h.
Polarizedmicroscopy and segmentation
Sterol-based oleogels were cut and placed in a cover slip and anal-
ysed at room temperature with a polarized light microscope
(Olympus System Microscope model BX51TF, Olympus Amer-
ica Inc., Center Valley, PA, USA) equipped with a digital camera
(Olympus EX300, Olympus America Inc.). Pictures were taken
at a magniﬁcation of 120× and 320×. Images were segmented
using the threshold colour plugin available in ImageJ software.
This plugin enables an image segmentation in distinctive black
and white colour areas deﬁned using an automatically calculated
threshold.21
Small-angle X-ray scattering (SAXS) and X-ray diﬀraction
(XRD)
All SAXS analyses were performed at room temperature, using
the beamline of the National Synchrotron Light Laboratory
(LNLS, Campinas, Brazil). The apparatus is equipped with an
asymmetrically cut and bent silicon (1:1:1) monochromator that
yields a monochromatic (𝜆 = 1.54 Å) and horizontally focused
beam. In order to record SAXS intensity a position-sensitive
X-ray detector and a multichannel analyser were used. The I(q)
was evaluated as a function of the modulus of scattering vector
q = (4𝜋/𝜆) sin(𝜃/2) (𝜃 being the scattering angle). Each SAXS pat-
tern corresponds to a data collection time of 100 s in the range
of 0.119 nm−1 < q < 4.811 nm−1. Scattering data was corrected by
subtraction of the pure mica and sampler signal. The determina-
tion of the crystal structure was done using Bragg’s law, through
the relative position of the diﬀraction peaks. The lattice param-
eter d (periodicity) of structures was obtained from the position
q* of the ﬁrst (and most intense) diﬀraction peak. The type of
crystal organization and crystal structure was evaluated, being
the evaluation performed by the Guinier plot, where through the
log–log plot (I versus q) and the determination of the slope at
small angles the type of structure (e.g. ﬂat or rod-type structure)
can be determined. ATSAS software was used to gather SAXS data,
then PRIMUS (Mac version 2.8.3) software was used to analyse the
data (with program BODIES), making it possible to determine the
expected radius of gyration (Rg) associatedwith the hollow tubular
structure that is reported for this type of self-assembled structure.
XRD was employed to understand the diﬀerences between
oleogels at molecular length scales. Crystal polymorphic structure
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was evaluated by scattering methodology with an X-Ray Diﬀrac-
tometer X Pert PROMRD system fromPanAnalytical. PANanalytical
X’Pert HighScore Plus was the software used to gather data and
analyse peak diﬀractions. The XRD diﬀractograms were acquired
at room temperature, angular scans from 5o to 50o (2𝜃) were per-
formed with a Cu source, X-ray tube (𝜆 = 1.54056Å) at 45 kV and
40mA. The ﬁne calibration oﬀset for 2𝜃 =−0.0372o.
Textural analysis
The textural parameters of sterol-based oleogels were measured
with a Texture Analyser TA-HD Plus (StableMicrosystems, Godalm-
ing,UK). Sampleswereprepared (approximately 3 g) inplastic cups
and the tests were performed using a 10 mm cylindrical probe.
The measured force in compression was made with a test speed
of 1 mms−1, and then the probe was pulled out of the sample
at 10 mms−1. This experiment allowed values of ﬁrmness (force),
ﬁnal force (value recorded at the endpoint of the probe travel) and
adhesivity (recorded in the dragging ﬁnal stage) to be determined.
Thedatawere calculatedusingTexture Exponent v.6.1.1.0 software
by Stable Microsystems.
Optical properties
Colour and opacity of oleogels were evaluated using a Minolta
colorimeter (CR 300; Minolta, Tokyo, Japan). Each mean is
the result of ﬁve measurements in one triplicate oleogel sam-
ple. A white standard colour plate was used for background
measurements and also for the calibration of the instrument
(Y = 493.5, x = 40.3114, y = 40.3190). Then CIE L*a*b* values of
each sample were evaluated by reﬂectance measurements. The
opacity of each oleogel was calculated from reﬂectance measure-
ments and corresponds to how much light passes through it.22
The higher this value is, the lower the amount of light that can pass
through the material. This parameter was calculated according to
the Hunter lab method, as the relationship between the opacity
of each sample on a black standard (Yb) and the opacity of each
sample on a white standard (Yw).
Oil migration
Oleogel oil migration (OMG) proﬁle was measured following
the methodology described by Dibildox-Alvarado et al.23 with
some modiﬁcation. Samples were prepared cutting a disc of
15mm diameter and 3.5 mm of thickness. After that, each one of
the discs was placed on top of a round ﬁlter paper (Whatman #1,
90mm diameter) and then incubated at 20 ∘C. Collected data is a
result of ﬁve replicates for each oleogel. The weight of the ﬁlter
paperswasdeterminedduring theﬁrst 8 hand theneverydayuntil
a ﬁnal period of 96 h. The weight of a ‘blank’ ﬁlter paper was mea-
sured in all experiments. Thepercent of the amountof oil absorbed
from each one of the samples was calculated using Eqn (1).
OMG =
[
(Δ paper weight) − (Δ blank weight)
paper weight (t = 0)
]
× 100 (1)
Statistical analysis
All experiments subjected to statistical analysis were carried
out in quintuplicate. The results were reported as an average
and standard deviation of these measurements. The statistical
analyses were performed using analysis of variance, Tukey’s mean
comparison test (P < 0.05) (GraphPad Software, Inc., La Jolla,
CA, USA).
RESULTS ANDDISCUSSION
Polarizedmicroscopy and segmentation
The use of polarization during microscopy is one of the most
eﬃcient techniques to identify the presence of crystalline struc-
tures in edible oils. Polarized microscopy allows the identiﬁcation
of the crystalline structures that result from the gelation of the
oryzanol and phytosterols in the organic solvent. The structures
observed through microscopic lenses are the result of the larger
amounts of phytosterol. The observed crystals can be explained
by the phytosterols (it is expected that only 𝛽-sitosterol inter-
acts with oryzanol) that are not able to interact with oryzanol
to form the hollow-tubules that characterizes this sterol system.
The haziness of these gels can be a result of the sterol mixture,
which includes no more than 45% of 𝛽-sitosterol. Owing to the
enlarged amount of other phytosterols, some disparities in the
already reported molecular aggregation processes might have
happened. Figure 1(A), (B) and (E) show the polarized microscopy
images of STO6, STO8 and STO10, respectively (magniﬁcation
120×). Figure 1(C) and (D) were taken from Fig. 1(A) and (B) with
(A) (B)
(E)
(C) (D)
Figure 1. Polarizedmicrographs of sterol-based oleogels. (A), (B) and (E) correspond to STO6, STO8 and STO10, respectively. (C), (D) correspond to (A) and
(B), respectively, with larger magniﬁcation.
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Figure 2. Processing and consequent segmentation of STO6 polarized micrograph. The segmentation was performed using the Mixed Segmentation
Algorithm.
larger magniﬁcation (320×). For STO6 the branching of these crys-
tals is clear and they are very well distinguished. These structures
when formed will also contribute to the entrapment of the oil
phase. It is possible to identify a large amount of structures as the
concentration of gelators is increased, but it is more diﬃcult to
fully distinguish these structures. For the highest concentration of
structurant (10%) it was not possible to identify the single crystal
structures (Fig. 1(E)). This may happen because of the presence of
crystals in diﬀerent morphological planes inside the oleogel struc-
ture. With polarizer shifting and consequent light blocking, it was
possible to direct the angle at which light reaches the sample in
order to generate contrast with the background, thus allowing a
better visualization of crystals in the gelators in the oil phase. We
also hypothesize that the presence of several sterol components
is responsible for the haziness (and material agglomeration) on
the formed oleogels. This also justiﬁes the capacity to identify the
crystal structures in polarizedmicroscopy in the oleogelwith 60:40
ratio of oryzanol and sitosterol; according to the literature this ratio
will produce (with pure components) glossy and transparent gels,
which is not the case here.
Figure 2 represents the segmentation of Fig. 1(A) using ImageJ
software. This treatment allows the diﬀerent geographical planes
to be recognized where the crystals are disposed in the STO
samples and thus how the deposition or stacking is responsi-
ble for the self-sustainment of the oleogels. Furthermore, the
recognition of the crystals is clearer against the dark background,
and therefore less dense crystalline material is observed. This
less dense crystalline material consequently will aﬀect the gel
opacity and will be involved in gel textural characteristics, as
is discussed later. This provides a good overview of the crys-
talline ﬁbrilar deposition in the oleogel bulk structure. The use
of the micrograph of STO6, which is representative of the lower
concentration of gelators used, allowed the best segmenta-
tion ﬁtting to be obtained. This happens because the crystals
density is the lowest of all STOs concentration tested, which
facilitates the task of discerning the crystal disposition without
much background noise. In fact, it is very diﬃcult to under-
stand this if the segmentation is performed using the images of
oleogels for higher concentrations of sterols because of the more
crowded background.
Small-angle X-ray scattering (SAXS) and X-ray diﬀraction
(XRD)
Figure 3(A) shows the SAXS spectra for STO6, STO8andSTO10 sam-
ples. The spectra show that for higher concentrations of gelator
there is an increase of the scattering intensity for the observed
peaks. From the log-log plot (I versus q) we conclude that the
obtained structures are hollow cylinders, being in agreement with
the literature. The reports, mentioned earlier, show that the max-
ima decrease, regarding interference peaks, is proportional to q−2,
while for solid cylinders the model would require a decrease pro-
portional to q−4.12 Studies with similar geometric structures (hol-
low tubules) formed by amphiphilic peptides are reported to have
also scattering curveswithq−2 at lowq values.24 Threemajor reﬂec-
tions are observed for all STOs, being the lattice of the crystalline
arrangements at 1.1 (001), 2.01 (002) and 2.75 nm−1 (003). These
values deviate from the values presented in the literature.4,12 Such
a change (namely in the ﬁrst reﬂection) can be explained by the
signiﬁcant amount of other phytosterols present in the mixture,
leading to a shift of the peak from 0.99 to 1.10 nm−1. Despite
that, the broad pattern of self-assembled tubules and the pre-
sented reﬂections are in line with the ones presented by Adel
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(A) (B)
Figure 3. (A) Small-angle X-ray scattering (SAXS) pattern for STO10, STO8 and STO6. (B) X-ray diﬀraction (XRD) spectra for STO10, STO8 and STO6.
Figure 4. (A) Visual appearance of STO10, STO8 and STO6. (B) Transparency associated with these type of oleogels.
et al.25 The Rg parameter was obtained using the hollow-cylinder
geometry as the predeﬁnition in Primus Software. This parame-
ter was obtained from the Guinier region of the full SAXS spectra,
and gives information on the radius of spherical-like structures or
ensembles.26 Lower amounts of 𝛽-sitosterol did not prevent the
formation of nano-scale tubules, formed by phytosterol interac-
tion with 𝛾-oryzanol. The expected Rg values were very close for
all concentrations, ranging between 5.08 and 5.68 nm. This should
be an indication that diﬀerent concentrations of gelator are not
responsible for changes in tubule thickness. However, diﬀerent
concentrations of gelators will inﬂuence the size and number of
crystals.
Reducing the length-scale of analysis, XRD allowed the crystal
structure of oleogels at the molecular scale to be evaluated.
Figure 3(B) presents X-ray spectra of the STOs for the three
tested concentrations, vertical shifts were applied to the curves
to improve the observation. Spectra show a large amorphous
peak (10∘–15∘) which is evidence of a mixed crystalline phase
occurring.17 In contrast to the patterns shown by the pure com-
ponents, the crystalline pattern of the oleogel is not as clear.10 The
peak associated with the oil phase (approximate angle of 18.9∘)
relates to a lattice value of 4.63± 0.05 Å (002), similar to the ones
recorded for pure oryzanol/sitosterol oleogels with sunﬂower oil
and medium-chain triglyceride (MCT)-based oleogels.11,27 It is
possible to recognize that the crystallite monogram is not clear,
however besides the main peak, we also identiﬁed some weaker
reﬂections and we can associate the peaks at d = 6.18± 0.07 Å
(001), in the mixed crystalline phase with 𝛽-sitosterol crystallites
in oil.27 The presence of these weaker reﬂections in a very smooth
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Figure 5. Texture parameters for STO samples. Diﬀerent letters mean that
samples are signiﬁcantly diﬀerent (for the same parameter measured).
pattern was also observed in the formation of tubules in the
mixture of oryzanol + phytosterols (tall oil sterol from Unilever
with 78.1% 𝛽-sitosterol, 10.3% campesterol) 16% total mass in
reﬁned sunﬂower oil.25
Texture analysis
STOs were self-standing (Fig. 4(A)), maintaining their structure
after hand compression and showed transparency (Fig. 4(B)), as
a result of the oil-phase colour and submicron structures formed
duringgelation. Figure 5presents the results of textureparameters
wileyonlinelibrary.com/jsfa © 2018 Society of Chemical Industry J Sci Food Agric 2019; 99: 3318–3325
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Table 1. Colour parameters of oleogel samples
STO6 STO8 STO10
Mean SD n Mean SD n Mean SD n
Opacity 12.4a 0.26 3 13.81b 0.11 3 13.91b 0.28 3
L* 90.451a 0.721 3 87.554b 0.339 3 87.127b 0.289 3
a* −0.499a 0.057 3 −0.443a 0.003 3 −0.58a 0.069 3
b* 7.555a 0.921 3 10.299b 1.148 3 11.815c 0.701 3
Note: Diﬀerent letters in the same row correspond to statistically diﬀerent samples for a 95% conﬁdence level. SD, standard deviation; n, number of
replicates.
determined for STO6, STO8 and STO10. It shows that an increase in
the concentration of gelators leads to an increase in the force the
samples can withstand (force peak and ﬁnal force) and adhesivity,
beinghigher for oleogelswith 10% (w/w) of gelators. The obtained
values for ﬁrmness/hardness (force peak) and ﬁnal force were
signiﬁcantly diﬀerent (P < 0.05) for all concentrations, while for
adhesivity the values between STO6 and STO10 are the only ones
that present statistically signiﬁcant diﬀerences. The ﬁnal force
is the value recorded at the endpoint of the travelling probe,
and these results show the strength of the gel structure after
the compression test. The strongest oleogel (STO10) presented
values of force peak and ﬁnal force which were two-fold higher
than the values for the lower concentrations (6% and 8%). These
results are explained by a signiﬁcantly stronger crystal network
that is formed using a higher gelator concentration. This fact is
well displayed in the polarized micrographs. The oleogels with a
more interconnected crystal network showed higher mechanical
properties, as can be observed in textural data analyses. These
features canbe importantwhen sucholeogels are used in foods, so
that certain textural behaviours can bemimicked according to the
oleogel formulation. For example, sausages with high fat content
present ﬁrmness values of approximately 12.20N,28 which are of
the same order ofmagnitude of the values obtained in the present
work (Fig. 4).
Optical properties
All oleogels were shown to be quite transparent with a very slight
yellowish tonality (Fig. 4). Table 1 presents the data regarding
colour parameters, namely L* (lightness), a* (range between green
andmagenta) and b* (range between blue and yellow). Regarding
these data, the lightness values (L*) record statistically signiﬁcant
diﬀerences between STO6 oleogels and the other two, being in all
cases relatively high values, ranging from 87.13 to 90.45. Also for
b* values, the results conﬁrm the visual observation that a slight
yellowish coloration is identiﬁable in all samples, possibly resulting
from the coloration of sunﬂower oil, which also increases with the
increase of sterols concentration.
It is important to notice that the samples with the highest
concentration of sterols (STO10), still exhibit high values of trans-
parency, which can be a very desirable feature for an ingredient
aimed at being incorporated in food products. The greater the
value associated to opacity, the lower is the transparency of such
sample. Table 1 shows that the presence of larger amounts of
sterols is responsible for an increase of opacity with signiﬁcant dif-
ferences between STO6 and the other two types of STO (STO8 and
STO10, between which no statistically signiﬁcant diﬀerences were
observed). These opacity results are in line with the crystalline
network that was observed in the polarized microscopic analyses.
As seen in the polarized micrographs (Fig. 1), the density of the
crystal structures formed in STO8 and STO10 was much higher
than the one observed for STO6.
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Figure 6. Oil migration (%) of STOs during 96 h.
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Oil migration
Figure 6 presents the results of oil migration (OMG) for each STO
through time. STO10 samples present the lowest value of OMG.
This can be explained by the increased amount of crystalline
structures (lower porosity) observed by polarized microscopy,
which also led to a higher hardness exhibited by this particular
formulation. For STO10 samples the OMG proﬁle stabilized after
24 h, being stable until the end of the experiment (96 h). The
STO6 samples revealed to be less stable once oil migration occurs
continuously until the endof theexperiment. STO8gels showedan
intermediatebehaviour. However, as previously observed for other
parameters, the most signiﬁcant change was observed when the
concentration of the gelator increased from6% to 8% (w/w). This is
justiﬁedby theproximity to the critical point of gelation (as already
mentioned, slightly below 6% of the total sterols concentration)
as gels with less available mass of gelator, and consequently less
crystals can facilitate oil leakage at the surface.
These results show the capacity of STOs to block or reduce OMG
in fat-basedmulti-component foods, but also opens the possibility
of using STOs as delivery systems of lipophilic compounds. A
previous study showed that in a multi-layer system, using gelled
chocolate containing sterol-based oleogel in its composition, the
level of oil migration to the chocolate layer was reduced by around
50%.29 Regarding statistical analyses, only the OMG values for
STO10 for migration times of 24, 48, 72 and 96 h showed no
statistically signiﬁcant diﬀerences (P < 0.05).
CONCLUSION
Oleogels based in a commercial mixture of sterols were produced
using diﬀerent gelator concentrations and high-oleic sunﬂower oil
as solvent. SAXS results conﬁrmed the hollow ﬁbrilar shape, char-
acteristic of the interaction of these gelators and self-assembly.
Scatteringdata andpolarizedmicroscopyallowed theunderstand-
ing of how gelator arrangements are disposed in order to be able
to entrap the oil and consequently induce gelation. Textural char-
acteristics are modiﬁed (i.e. stronger oleogels) with the increase
ofgelator concentrations, showing thepossibility of tailoring these
structures to ﬁt the requirements of the intended applications.
The produced oleogels showed other promising features such
as mechanical strength and good visual characteristics (low opac-
ity values), important when considering the incorporation in food
products. Oil migration was aﬀected by the sterols concentration
and related to the gel strengths. This is important for the appli-
cation of these oleogels in foods, either as fat replacers or in the
delivery of lipophilic bioactive compounds. Future work will com-
prise the formation of sterol-based oleogels without this commer-
cial mixture in order to understand the crystallization phenomena
and how diﬀerent cooling temperatures will aﬀect the gel charac-
teristics.
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